Power cable plays a critical role in modern urban grid, its operational reliability and ampacity are closely related with the temperature of cable core. Accurate calculation of the cable ampacity and temperature distribution are of great significance for reliability and economical operation of the power cable line. Cable joint fault accounted for a large proportion of power cable fault. Joints abnormal temperature rise, insulation damage and explosion occurs occasionally, result in part of the existing cable lines run in lower current carry capacity status than the design standards. This paper constructed a simplified model of the power cable joint structure, using the principle of heat transfer to establish a mathematical model of temperature field of power cable joint, using finite element method analyze the temperature distribution in power cable joints, and calculate the ampacity of cable for whether the cable joint was concerned or not, respectively. Results show that the cable ampacity values decreased for the impact of cable joint is considerate.
Introduction
Power cables are widely used in modern urban grid, its operational reliability and ampacity are closely related with the temperature of cable core [1] . Accurate calculation of the cable ampacity and temperature distribution are of great significance for reliability and economical operation of the power cable line [2] - [5] . Existing calculations of current carrying capacity of the cable are mostly based on IEC 60187 standard in analytical and numerical methods [6] . Temperature field's computational object is central cable core; cable joint is not in consideration. Cable joint fault accounted for a large proportion of power cable fault. Joints abnormal temperature rise, insulation damage and explosion occurs occasionally, result in part of the existing cable lines run in lower current carry capacity status than the design standards. Cable joint core temperature is an important parameter 1 Corresponding author which react the cable joint operating state [7] . When the cable line is carrying the regular load, the temperature inside the joint will be up to 100 ℃, when the cable is at full capacity, the cable core temperature reaches 90 ℃, the joint temperature will be up to 140 ℃ [8] . At this status, if the temperature keeps rising, the oxide film of cable joint will be thickened, and the contact resistance will increase, persist for some time, the insulating material of joint will carbonize, and insulation will be damaged, leading to power transmission failure [9] - [11] . Therefore, when calculating the ampacity of cable, it is necessary to consider the impact of the cable joint.
Electromagnetic-thermal Coupling Model of Cable Joint

Physical Model of Cable Joint
Taking a cold shrink 8.7 / 15kV YJV 1 × 400 of XLPE straight power cable joint as example for modeling calculations, solving its steady-state temperature distribution. The axial sectional view of the cable joint model is shown in Figure  1 . 
Electromagnetic -thermal Coupling Mathematical Model of Cable Joint
2.2.1
Basic Assumptions.
The analysis in this paper is based on the following basic assumptions.  When the frequency f = 50Hz, displacement current density and the conduction current density of power cable conductor is negligible;  In addition to the electrical conductivity of copper conductor material, the cable other constituent materials are isotropic homogeneous medium, and each part of the physical parameters are constant;  Only steady-state temperature of cable joint is studied, thereby controlling equations are free of time entries.
Mathematical Model for Electromagnetic Field Calculation.
Based on the above assumptions and Maxwell equations, the magnetic vector potential equation can be described as follows:
where μ is the permeability, H/m; A is the magnetic vector potential, Wb/m; σ is the conductivity, S/m; Js is the applied current density, A/m2; and ω is the angular frequency, rad/s. The conductivity of copper is temperature dependent, which can be expressed by the following equation.
where 20  is the conductivity at 293.15 K, S/m; α is the temperature coefficient, 1/K; and T is the conductor temperature, K.
A coaxial cylinder surface is selected to forma closed boundary, and the external boundary to the cable joint surface is determined to be 500 mm by numerical simulation. The boundary conditions on the external boundary are as follows. 
where n is the normal vector of S1 and S2 respectively.
Mathematical Model for Temperature Field Calculation
According to the heat transfer theory, the steady-state heat conduction equation can be described as follows.
where λ is the thermal conductivity, W/(m . K); T is the temperature, K; and Qv is the heat source per unit volume, W/m3.
On the cable surface, natural convection and heat radiation are considered, and the corresponding boundary conditions can be described as follows.
where h is the convective heat transfer coefficient, W/(m2 . K); Tf is the surface temperature of the cable, K; Tamb is the ambient temperature, K; and n is the normal direction. According to the Stefan-Boltzmann law, the heat radiation on the cable surface can be described as ) (
where σ0 is the Stefan-Boltzmann constant, W/(m2. K4); and ε is the surface emissivity.
The boundary conditions on S1 and S2 are
Electromagnetic-thermal Coupling Calculation
The heat source of cable mainly results from Joule losses caused by the conductor current, and the losses per unit volume in the conductor or sheath can be calculated as follows.
where J is the sum of the source current density and eddy current density, A/m2.
Example Calculation
Calculation Parameters of Cable Joint
The commonly used 8.7/15 kV YJV 1×400 XLPE cable was taken for an example, and its parameters are shown in Table 1 . The lengths of the cable joint (as shown in Fig. 1 ) are listed in Table 2 . For a single cable joint laid in the air, the laying parameters are given in Table 3 . 
Mesh Generation
In this paper, COMSOL Multiphysics software package is used to investigate the electromagnetic losses distribution and temperature distribution of the cable joint.
The tetrahedral meshes were used to subdivide the power cable, and in order to improve the computing precision and obtain a better convergence, the uneven mesh generation was adopted. The mesh diagram of the cable joint model is shown in Fig. 4 .
Calculation Results and Analysis
The cable joint model is meshed with 551684 tetrahedral elements and 5267043 nodes. The frequency-stationary solver is used for the electromagnetic-thermal field calculation, and the convergence error is 0.001. When the effective value of load current I is 645A, the current density distribution, electromagnetic losses distribution and temperature field distribution are shown in Fig. 5 . Fig . 5 shows that the maximum temperatures of cable joint and body are 331.777 K and 326.595 K respectively, and the corresponding surface temperatures are 314.963 K and 321.366 K respectively. The maximum temperature of cable joint is 5.182 K higher than that of cable body due to its greater electromagnetic losses. But the surface temperature of cable joint is 6.403 K lower than that of cable body, which is caused by the larger surface area and the stronger heat dissipation capacity.
Calculation of Current Carrying Capacity
Cable current carrying capacity is determined by core temperature, so accurate calculation of core temperature is very important. When the cable core temperature is 363K, the cable load current is the cable permissible current carrying capacity. When the cable core temperature was 90℃, the cable current carrying capacity was finally computed by using the double point subtense truncation method, equation can be described as follow.
where k i is the load current of the cable, k T is the temperature of the cable when the load current is k i .
And the calculated current carrying capacity value of the cable joint is 320A. At the same time, take the cable core as the object, the result turns out to be 320.4A. The current carrying capacity is little lower than taking cable core as calculating object. The impact of joint should be taken into account.
Conclusions
From simulation results and analysis, some conclusions can be drawn as follows:
 The ampacity of cable is calculated based on the coupled fields, and the coupling relationship between the fluid field and thermal field is validated by simulations.  Cable joint is the most serious part of cable in overheating problem, when conveying same current the maximum temperatures of cable joint is higher than that of cable body due to its greater electromagnetic losses. Special attention should be paid to cable joint when designing cable online monitor and fault detection.  The surface temperature of cable joint is lower than that of cable body, which is caused by the larger surface area and the stronger heat dissipation capacity.  According to all above, when taking cable joint as calculating object, the current carrying capacity is little lower than taking cable core as calculating object. The impact of joint should be taken into account.
